



















Therefore,   a   coupled   simulation,   which   provides   a   better   estimation   of   the   maximal
temperature of the projectile is performed. The strategy to obtain the unsteady evolution of
the  temperature   is  done  in  different  phases.  At   first  a  steady state  coupled simulation   is
performed to see the behavior of the algorithm, followed by an unsteady simulation for the
first point of the trajectory of the vehicle to see if the model reaches a steady state. Finally,
unsteady   simulations,  which  are   then   compared  with  a   classical   pre­design   engineering
























the   form  of   conduction   through   the  wall,   or   eventually   by   ablation  of   the  material,   not
considered in this study. The general heat balance equation of a hypersonic vehicle is:
q˙Conv−q˙Radiation−wallq˙Rad−gas−wall=q˙Conductionq˙Ablation







is   the   case   in   a   trajectory  of   the  vehicle.  Furthermore,   for   the   studied  projectile,   at   the











The   projectile   to   be   launched   by   a   Railgun   here   considered,   Fig.   1b,   is   completely
described in reference 1. Other versions of this projectile that permit the placement of heavier
payloads  into  orbit  are  described  in  reference 2.  All   the foreseen configurations,  whether



























Two different  Ceramic  Matrix  Composites   (CMC)  are   considered   for   the  outer   layer:
Carbon Reinforced Silicon Carbide3 (C/C­SiC), and Wound HIghly Porous Oxide Composite4
(Whipox). For the interior part, in both cases an insulation material which has a very low
thermal   conductivity   and   low   density   has   been   considered.  Both  materials  were   chosen
because of their different properties. The C/C­SiC presents a high thermal conductivity, which
transports   the   heat   to   the   inner   parts   of   the   structure,   and   it   also   presents   an   excellent
emissivity coefficient. In comparison to this properties, the Whipox material presents a lower
thermal conductivity, as well as a lower emissivity coefficient. Since the characteristics are








































properties   and   current   temperature   of   the  wall,   is   estimated   and   applied   as   a  Boundary
Condition (BC) to the analytical one­dimensional solution of the differential equation. Using
the analytical solution,   the temperatures associated to  this  heat  flux in a time interval are


















q˙ 0, t 
 , 
T x , t0=T ∞ , t0
These BCs lead to the following solution:
T x , t =T 0
q˙
c [2 t exp−x
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T x , t =T 0
q˙ L


















































the  unsteady  simulation over   the   trajectory.  The  only  parameter  which  changes  from  the
steady to the unsteady is the type of analysis made by the structural solver, in one case steady
and in the other one unsteady within a time interval. This procedure is repeated iteratively
until  a convergence of  the algorithm has  been reached.  Typically,  an accurate  solution is














For the selected materials,  this  ratio is  in the order of 10­6,  meaning that  fluid­dynamic
characteristic is many times slower than the thermal one. Indeed, different flow solutions at
different instants of the trajectory over the trajectory show that the temperature and the heat
flux curves   along   the  projectile   are   simply  parallel,  which   shows  that   the   flow  topology
around the nosecap of the projectile can be considered as steady. 


























































































− f T x  f=−sT x sT w4
Therefore, maintaining constant the thickness of the prismatic layers, the first spacing and
the   number   of   prismatic   layers   are   changed.  Thus,   the   resulting   y+  and   the   temperature













q[MW/m2] ∆q[MW/m2] є[%] T[K] ∆T[K] є[%]
Fine 1.816 ­ ­ 2442.35 ­ ­
Standard 1.767 0.0486 2.67 2439.04 3.31 0.13

































temperature   applied  as   a  BC  in   the  DLR­Tau   solver   is   relaxed   in   order   to   improve   the
convergence of the algorithm: Tfit = wTfit+(1­w)Tfit  , where Tf  is the temperature applied in
the flow solver as BC, and the relaxation factor  to 0,35. The results  of  the algorithm are
shown in Table 4. 






Iteration 1 2377.89 61.15 3.302 1.527 1.57E­002
Iteration 2 2356.99 20.9 3.766 0.466 1.61E­002
Iteration 3 2359.50 2.51 3.685 0.081 4.68E­003
Iteration 4 2356.37 3.13 3.767 0.082 5.01E­003
Iteration 5 2358.74 2.37 3.684 0.083 2.27E­003
Iteration 6  2359.83 1.1 3.700 0.016 1.45E­003
Difference 79.79 ­ 1.925 ­ ­
Table 4: Convergence of the solution, steady­state case. 















simulations,   the minimum number of  iterations within a given time  interval   is 2.  Here  is
presented also the temperature oscillation between iterations for each time step to show the














T[K] ∆T[K] q[MW/m2] ∆q[MW/m2]
Radiative equilibrium 2478.74 ­ 1.07 ­





Fluid/Thermal Ts[K] q[MW/m2] ∆q[MW/m2] ∆Ts[K] єT[%] єq[%]
Fine/Fine 2355.17 3.62 0.00 0.00 0.00 0.00
Fine/coarse 2352.42 3.11 0.51 2.75 0.12 15.00











Figure 8a shows  the evolution  of  the temperature along the trajectory for  the C/C­SiC




trajectory.   In   the  pre­design  method   the  maximal   temperature   is   also   reached   after   0.76
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obtained with  the  pre­design  tool,  only   the first   four  seconds of   the  trajectory have been
calculated for the Whipox material, Fig. 8b. The results are presented on the right hand side of
the   same   figure.   The   lower   conductivity   and   emissivity   of  Whipox   lead   to   a   higher
temperature in the first instants of the trajectory, the temperature reaches a value of 2185 K
after 0,3 seconds. The pre­design method reaches 2397 K after 0,2 seconds, the difference is
212 K. The evolution of both algorithms after  achieving the maximal  temperature is  also












also remarkable  the effect  of  the bulk­shell,  which  is  situated near z=6 mm. In  this   time
interval the effects of the conduction make the temperature raise away from the stagnation
point region. This express the fact that the dynamic of the temperature is slower in the other




























design   method.   It   is   a   particular   case   of   trajectory,   in   which   the   vehicle   leaves   the
electromagnetic accelerator at  a hypersonic speed,  leading to a very high high flux at  the
beginning of the trajectory. Therefore, an accurate simulation of the first instants of the flight
is  needed  to  estimate   the  maximum temperature  reached by   the  vehicle.  The comparison
between the coupled and the pre­design methods for different materials show an offset of
200K (10,25%) due to the simplifications made in the structural model. The results also show,






















and   Electromagnetic   Railgun   technology   as   a   future   alternative   for   the   launch   of
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